The damaged K465 nickel-based superalloy parts were repaired by laser forming repair technology. The cracking characteristics and grain boundary liquation in heat affected zones were investigated by optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). It was found that the cracks originated from the heat-affected zone and extended to the repaired zone. The calculation by Thermol-Cale software showed that the larger γ 1 particles at grain boundaries partly dissolved in the γ phase, which made the solutes' concentration at the γ 1 /γ interface meet the eutectic-type liquation reaction condition of γ + γ 1 Ñ L. Then, grain boundaries liquation occurred and liquid films appeared with the temperature increasing in a rapid heating process. However, the intragranular γ 1 phase completely dissolved into the γ phase with no devotion to the liquid film. The dissolution of M 5 B 3 borides at grain boundaries could promote grain boundary liquation.
Introduction
K465 superalloy is a kind of cast nickel-based superalloy strengthened primarily by precipitation of ordered L 12 intermetallic Ni 3 (Al, Ti) γ 1 phase, which possesses excellent elevated temperature strength and superior hot corrosion resistance [1, 2] . This superalloy is, thus, usually made into turbine blades and turning vanes of aircraft engines due to its excellent properties. However, K465 superalloy turbine parts are prone to damage in severe service conditions. Considering the high cost of replacing defected or damaged parts with new ones, it is more significant and appealing to repair these parts quickly and economically [3] . Laser forming repairing (LFR), as a kind of metal additive manufacturing technology, can be utilized to recover complex shaped damaged parts up to certain depth, without affecting the inherent mechanical properties of the body [4] [5] [6] [7] .
Unfortunately, cracking is frequently found when LFR technology is used to remanufacture K465 superalloy parts containing high content of Al + Ti (>7.0 wt.%) and, therefore, this alloy is generally considered as a hard-to-weld material [8] . The main reason for cracking phenomenon is the generation of constitutional liquation and tensile stresses in the heat affected zone (HAZ) during LFR. When the stresses exceed the ability of the material's intrinsic resistance to cracking, cracks appear at grain boundaries in HAZ [9] and then spread into the repaired area along the grain boundaries. It is well known that the formation of liquation cracks depends in the presence of a continuous or Metals 2016, 6, 64; doi:10.3390/met6030064
www.mdpi.com/journal/metals semi-continuous liquid film at grain boundaries of HAZ [10] [11] [12] [13] . Ojo and Chaturvedi [12, 14] pointed out that the constitutional liquation of γ 1 phase was the main factor in liquation cracks in Inconel 738 welding process. Using Thermo-Calc and Dictra software, Tancret et al. [15] calculated the liquation temperature of γ 1 phase in Inconel 738 and pointed out that under a certain particle size and heating rate, γ 1 phase could directly dissolve. Zhou and Li et al. [16, 17] found that borides, γ + γ 1 eutectics, MC carbides, and some other phases with low melting points at grain boundaries were the main factors in the formation of liquation cracks in K3 nickel-based cast superalloy during laser cladding. Huang and Qian [18, 19] also reported that both Nb and B elements enriching at grain boundaries resulted in the loss of weldability of Inconel 718. Although a few published papers have proposed different mechanisms of grain boundary liquation of nickel-based superalloys during laser heating process, limited works have been carried out on K465 superalloy with higher contents of Al + Ti and excellent high temperature mechanical properties. To date, the mechanism of grain boundary liquation in HAZ of K465 superalloy in LFR is still unclear. In order to cut the cost and minimize production cycles, the rapid repairing of damaged K465 superalloy parts is required by related industries. Therefore, it is necessary to reveal the liquation mechanism for controlling the cracks of LFRed specimens. In this paper, the cracking behavior and grain boundary liquation mechanism of the repaired specimens are investigated.
Materials and Methods
The LFR experiments were carried out on the LSF-III laser solid forming system (State Key Laboratory of Solidification Processing, Xi'an, China), which consists of a 4 kW CO 2 laser, a controlled atmosphere chamber and a powder feeding system with a coaxial nozzle. The specimens to be LFRed with dimensions of ø 30 mmˆ10 mm were cut from a damaged turning vane of aircraft engine, which was made of K465 nickel-based cast superalloy. As part of the damaged turning vane, the specimens experienced a solution treatment for 4 h at 1120˝C followed by air cooling. A three-layer single track structure was deposited on the specimen. K465 spherical powder was produced by plasma rotation electrode process and its nominal elemental composition is 0.17C, 9.20Cr, 2.40Ti, 5.5Al, 1.81Mo, 10.02W, 9.91Co, 1.20Nb, 0.005B, and balance Ni (wt.%). The specimens were preheated at 800˝C in a furnace prior LFR to reduce thermal stresses. The LFR processing parameters are listed in Table 1 . The LFRed sample was sectioned perpendicular to the laser scanning direction. After being polished, the sectioned samples were subsequently etched electrolytically in 12 mL H 3 PO 4 + 40 mL HNO 3 + 48 mL H 2 SO 4 solution at 6 V for 5 s. The microstructure was observed via optical microscope (OM, OLYMPUS, Nagano, Japan), scanning electron microscopy (SEM, Carl Zeiss, Oberkochen, Germany) and transmission electron microscope (TEM, FEI, Hillsboro, AL, USA). The chemical compositions of all phases were measured through an electron probe microanalyzer (EPMA, SHIMADZU, Kyoto, Japan). A commercial software, Thermo-Calc (Thermo-Calc Software, Stockholm, Sweden), was used to calculate the equilibrium phase diagram.
Results

Main Phases of K465 Nickel-Based Cast Superalloy Substrate
As shown in Figure 1 , K465 cast superalloy substrate mainly contains extensive cubic-shaped γ 1 phase, cloddy γ + γ 1 eutectics, blocky carbides, and some tiny borides at grain boundaries. Figure 1a shows the color metallograph of each phase in K465 cast superalloy. The size of γ + γ 1 eutectic is about 38 µm. Some blocky MC carbides appear in different sizes and some slight borides exist as white filamentous discontinuities. It should be noted that most of the borides distribute along the grain boundaries, and a few of them are adherent to γ + γ 1 eutectics in some regions. As shown in Figure 1b , the average size of chain-like γ' phase distributed at grain boundaries reaches 1.88 µm, while the average size of intragranular γ' phase is merely 0.73 µm. This can be ascribed to micro-segregation of the γ' phase forming elements at grain boundaries during the solidification process. Ojo et al. [12] reported that solute segregation occurred in the final stage of solidification, which led to the enrichment of Ti at grain boundaries of Inconel 738. Lin et al. [20] also found the γ 1 phase forming elements showed similar segregation behavior at the laser deposition area of Rene88DT in SS316L/Rene88DT gradient materials. Thus, the segregation of γ 1 phase-forming elements at grain boundaries increases the corresponding solid solution temperature of γ 1 phase. During the cooling process, the γ 1 phase at grain boundaries initially precipitates at higher temperature. According to Lifshitz, Slyozov, and Wagner (LSW) coarsening theory [21] , the enrichment of Ti led to faster coarsening of the γ 1 phase at grain boundaries in comparison with that in the grains. Figure 1c presents the diffraction pattern of γ 1 phase, indicating the typical super-lattices due to ordering of γ 1 phase. The content of boron is slight in K465 superalloy; nevertheless, borides can be formed along the interdendritic regions due to a strong positive micro-segregation tendency [22] . Figure 1d shows the diffraction pattern of borides which is deduced as tetragonal Cr boundaries, and a few of them are adherent to γ + γ′ eutectics in some regions. As shown in Figure  1b , the average size of chain-like γ' phase distributed at grain boundaries reaches 1.88 μm, while the average size of intragranular γ' phase is merely 0.73 μm. This can be ascribed to micro-segregation of the γ' phase forming elements at grain boundaries during the solidification process. Ojo et al. [12] reported that solute segregation occurred in the final stage of solidification, which led to the enrichment of Ti at grain boundaries of Inconel 738. Lin et al. [20] also found the γ′ phase forming elements showed similar segregation behavior at the laser deposition area of Rene88DT in SS316L/Rene88DT gradient materials. Thus, the segregation of γ′ phase-forming elements at grain boundaries increases the corresponding solid solution temperature of γ′ phase. During the cooling process, the γ′ phase at grain boundaries initially precipitates at higher temperature. According to Lifshitz, Slyozov, and Wagner (LSW) coarsening theory [21] , the enrichment of Ti led to faster coarsening of the γ′ phase at grain boundaries in comparison with that in the grains. Figure 1c presents the diffraction pattern of γ′ phase, indicating the typical super-lattices due to ordering of γ′ phase. The content of boron is slight in K465 superalloy; nevertheless, borides can be formed along the interdendritic regions due to a strong positive micro-segregation tendency [22] . Figure 1d shows the diffraction pattern of borides which is deduced as tetragonal Cr1.8W3.2B3 (M5B3 type) borides with lattice parameters of a = b = 5.699 Å , c = 10.88 Å. Figure 2 shows a typical microstructure of LFRed K465 superalloy. The LFRed specimen is composed of the substrate zone (SZ), the heat affected zone (HAZ) and the repaired zone (RZ). As can be seen in Figure 2a , columnar dendrites grow epitaxially and directionally from the substrate. At the bottom of RZ, there is a lighter-colored arc zone, namely HAZ of LFRed specimen. In HAZ, cracks appear and extend to the bottom of RZ along the grain boundaries. Figure 2b shows the crack features in HAZ, where the crack bends along the grain boundaries and the solidification liquid film is at one side of the grain boundary. The typical liquation crack characteristics can also be observed clearly. Figure 2 shows a typical microstructure of LFRed K465 superalloy. The LFRed specimen is composed of the substrate zone (SZ), the heat affected zone (HAZ) and the repaired zone (RZ). As can be seen in Figure 2a , columnar dendrites grow epitaxially and directionally from the substrate. At the bottom of RZ, there is a lighter-colored arc zone, namely HAZ of LFRed specimen. In HAZ, cracks appear and extend to the bottom of RZ along the grain boundaries. Figure 2b shows the crack features in HAZ, where the crack bends along the grain boundaries and the solidification liquid film is at one side of the grain boundary. The typical liquation crack characteristics can also be observed clearly. Figure 3a , some blocky MC carbides exist in the grain boundary liquation film, and their shapes and sizes are similar to the initial carbides. At grain boundaries near to the RZ, the partial melted carbides are observed, but the liquid film at grain boundaries appears continuous. Obviously, the liquid film is not caused by the liquation of carbides. Figure 3b shows the original intragranular γ + γ′ eutectic units, which have melted and reformed as some blocky microstructure. Grain boundary liquid films in HAZ are distributed continuously along the grain boundaries and the original γ′ phase at grain boundaries has disappeared. As far away from the bottom of RZ, the width of the grain boundary liquid film reduces and finally disappears. Meanwhile, it could be seen that the width and continuous distribution features of the grain boundary liquid films are obviously contradictory with the morphology and distribution of initial γ + γ′ eutectic in substrate. Therefore, it can be concluded that grain boundary liquation should not be induced by the initial γ + γ′ eutectic liquation in HAZ. Figure 4 shows the local characteristics of liquid film at grain boundaries. As shown in Figure  4a , liquid film appears at the initial position of γ′ phase at grain boundaries. At the same time, a small fraction of residual γ′ phase is still found at grain boundaries abut on the liquid film. It is also found that the fine γ + γ′ eutectics exist at the edge of the liquid film and connect to the γ′ phase at grain boundaries. According to the higher magnification image shown in Figure 4b , the fine γ + γ′ eutectics grow on the γ′ phase at grain boundaries, and they are coherent with the wider liquid film. Figure 3a , some blocky MC carbides exist in the grain boundary liquation film, and their shapes and sizes are similar to the initial carbides. At grain boundaries near to the RZ, the partial melted carbides are observed, but the liquid film at grain boundaries appears continuous. Obviously, the liquid film is not caused by the liquation of carbides. Figure 3b shows the original intragranular γ + γ 1 eutectic units, which have melted and reformed as some blocky microstructure. Grain boundary liquid films in HAZ are distributed continuously along the grain boundaries and the original γ 1 phase at grain boundaries has disappeared. As far away from the bottom of RZ, the width of the grain boundary liquid film reduces and finally disappears. Meanwhile, it could be seen that the width and continuous distribution features of the grain boundary liquid films are obviously contradictory with the morphology and distribution of initial γ + γ 1 eutectic in substrate. Therefore, it can be concluded that grain boundary liquation should not be induced by the initial γ + γ 1 eutectic liquation in HAZ. Figure 3 shows liquation characteristics at grain boundaries in the HAZ of LFRed K465 superalloy. As shown in Figure 3a , some blocky MC carbides exist in the grain boundary liquation film, and their shapes and sizes are similar to the initial carbides. At grain boundaries near to the RZ, the partial melted carbides are observed, but the liquid film at grain boundaries appears continuous. Obviously, the liquid film is not caused by the liquation of carbides. Figure 3b shows the original intragranular γ + γ′ eutectic units, which have melted and reformed as some blocky microstructure. Grain boundary liquid films in HAZ are distributed continuously along the grain boundaries and the original γ′ phase at grain boundaries has disappeared. As far away from the bottom of RZ, the width of the grain boundary liquid film reduces and finally disappears. Meanwhile, it could be seen that the width and continuous distribution features of the grain boundary liquid films are obviously contradictory with the morphology and distribution of initial γ + γ′ eutectic in substrate. Therefore, it can be concluded that grain boundary liquation should not be induced by the initial γ + γ′ eutectic liquation in HAZ. Figure 4 shows the local characteristics of liquid film at grain boundaries. As shown in Figure  4a , liquid film appears at the initial position of γ′ phase at grain boundaries. At the same time, a small fraction of residual γ′ phase is still found at grain boundaries abut on the liquid film. It is also found that the fine γ + γ′ eutectics exist at the edge of the liquid film and connect to the γ′ phase at grain boundaries. According to the higher magnification image shown in Figure 4b , the fine γ + γ′ eutectics grow on the γ′ phase at grain boundaries, and they are coherent with the wider liquid film. Figure 4 shows the local characteristics of liquid film at grain boundaries. As shown in Figure 4a , liquid film appears at the initial position of γ 1 phase at grain boundaries. At the same time, a small fraction of residual γ 1 phase is still found at grain boundaries abut on the liquid film. It is also found that the fine γ + γ 1 eutectics exist at the edge of the liquid film and connect to the γ 1 phase at grain boundaries. According to the higher magnification image shown in Figure 4b , the fine γ + γ 1 eutectics grow on the γ 1 phase at grain boundaries, and they are coherent with the wider liquid film. 
Liquation Cracking Characteristics
Discussion
Grain Boundary Liquation Mechanism in HAZ
According to Figure 1b , in K465 cast superalloy, low amount of filamentous borides is inadequate to form large continuous liquid film at grain boundaries in HAZ. Figure 3 also shows that the continuous liquid film at grain boundaries is not caused by MC carbides or original γ + γ′ eutectic liquation. Figure 4 shows that in LFR process, grain boundary liquation is associated with the γ′ phase at grain boundaries, and eutectic characteristics have emerged in liquation. Ojo et al. [12, 13, 23] also found the similar phenomenon in TIG-welded Inconel 738LC alloy's HAZ. Based on second phase constitutional liquation theory, Ojo et al. [12] pointed out the constitutional liquation mechanism of γ′ phase at grain boundaries in HAZ and suggested that the γ′/γ phase interface satisfied local thermodynamic equilibrium in the rapid heating process. Firstly, γ′ particles dissolved into γ phase. However, rapid heating made the γ′ phase dissolve incompletely, so the residual γ′ phase and the surrounding γ phase could satisfy eutectic composition conditions. Then the eutectic reaction occurred and liquated in the form of γ + γ′ → L upon the temperature reaching the eutectic temperature TE [14] . Ojo et al. [14] hypothesized the liquation process of γ′ phase at grain boundaries, but they did not verify whether the γ′ phase at grain boundaries and the surrounding γ phase component can achieve eutectic composition or not, and why the liquation cracks occur at grain boundary, which is a necessary condition of liquation in the form of the eutectic-type at the grain boundaries. The liquation of γ′ and γ phases with the smaller sizes, which distribute at the grain boundaries, occurs near the bottom of RZ, where the temperature is higher and elements diffuse faster. It can be deduced that the phase transition process of γ′ and γ phases in local areas will not deviate far from the equilibrium phase transition process. Thus, studying the equilibrium phase transition of the γ′ phase at grain boundaries and the surrounding γ phase in local areas can partly explain the region of the phase transition trend.
The elemental contents of the γ′ phase at grain boundaries, intragranular γ′ phase, and intragranular γ phase in K465 cast superalloy substrate were determined by EPMA, and the results are listed in Table 2 . The contents of boron (B) and carbon (C) are low and their solubilities in both γ and γ′ phases are limited. Their effect on the local compositions around the γ′ phase is negligible so the contents are not tested. According to Table 2 , the contents of Ni, Nb, Al, and Ti reach the highest levels in γ′agb (γ′ phase at grain boundaries) while they are the least in γi (γ phase). The contents of Co, Cr, Mo, and W are the lowest in γ′agb, whereas they reach the highest levels in γi. The elemental composition in γ′i (intragranular γ′ phase) are between that in γ′agb and γi. Since the γ phase morphology is a thin layer at grain boundaries, electron probe cannot measure it accurately, but its elements' contents are assumed to be close to the γi phase. Considering of γ′agb and γ phase at grain boundaries, each element content at the local area consisting of γ′ and γ phase at grain boundaries ranges between that in γ′agb and γi. Therefore, the content of each element in the local area have a maximum and minimum, which are the contents of the γ′agb and γ phases, respectively. To detect the phase transition behavior of the γ′ and γ phases at grain boundaries in the heating process, thermodynamic calculation could be used. In order to explain the influence of composition variation 
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Grain Boundary Liquation Mechanism in HAZ
According to Figure 1b , in K465 cast superalloy, low amount of filamentous borides is inadequate to form large continuous liquid film at grain boundaries in HAZ. Figure 3 also shows that the continuous liquid film at grain boundaries is not caused by MC carbides or original γ + γ 1 eutectic liquation. Figure 4 shows that in LFR process, grain boundary liquation is associated with the γ 1 phase at grain boundaries, and eutectic characteristics have emerged in liquation. Ojo et al. [12, 13, 23] also found the similar phenomenon in TIG-welded Inconel 738LC alloy's HAZ. Based on second phase constitutional liquation theory, Ojo et al. [12] pointed out the constitutional liquation mechanism of γ 1 phase at grain boundaries in HAZ and suggested that the γ 1 /γ phase interface satisfied local thermodynamic equilibrium in the rapid heating process. Firstly, γ 1 particles dissolved into γ phase. However, rapid heating made the γ 1 phase dissolve incompletely, so the residual γ 1 phase and the surrounding γ phase could satisfy eutectic composition conditions. Then the eutectic reaction occurred and liquated in the form of γ + γ 1 Ñ L upon the temperature reaching the eutectic temperature T E [14] . Ojo et al. [14] hypothesized the liquation process of γ 1 phase at grain boundaries, but they did not verify whether the γ 1 phase at grain boundaries and the surrounding γ phase component can achieve eutectic composition or not, and why the liquation cracks occur at grain boundary, which is a necessary condition of liquation in the form of the eutectic-type at the grain boundaries. The liquation of γ 1 and γ phases with the smaller sizes, which distribute at the grain boundaries, occurs near the bottom of RZ, where the temperature is higher and elements diffuse faster. It can be deduced that the phase transition process of γ 1 and γ phases in local areas will not deviate far from the equilibrium phase transition process. Thus, studying the equilibrium phase transition of the γ 1 phase at grain boundaries and the surrounding γ phase in local areas can partly explain the region of the phase transition trend.
The elemental contents of the γ 1 phase at grain boundaries, intragranular γ 1 phase, and intragranular γ phase in K465 cast superalloy substrate were determined by EPMA, and the results are listed in Table 2 . The contents of boron (B) and carbon (C) are low and their solubilities in both γ and γ 1 phases are limited. Their effect on the local compositions around the γ 1 phase is negligible so the contents are not tested. According to Table 2 , the contents of Ni, Nb, Al, and Ti reach the highest levels in γ 1 agb (γ 1 phase at grain boundaries) while they are the least in γ i (γ phase). The contents of Co, Cr, Mo, and W are the lowest in γ 1 agb , whereas they reach the highest levels in γ i . The elemental composition in γ 1 i (intragranular γ 1 phase) are between that in γ 1 agb and γ i . Since the γ phase morphology is a thin layer at grain boundaries, electron probe cannot measure it accurately, but its elements' contents are assumed to be close to the γ i phase. Considering of γ 1 agb and γ phase at grain boundaries, each element content at the local area consisting of γ 1 and γ phase at grain boundaries ranges between that in γ 1 agb and γ i . Therefore, the content of each element in the local area have a maximum and minimum, which are the contents of the γ 1 agb and γ phases, respectively. To detect the phase transition behavior of the γ 1 and γ phases at grain boundaries in the heating process, thermodynamic calculation could be used. In order to explain the influence of composition variation on the phase transition trend, it is necessary to select and analyze several values between the maximum and minimum values of each element at the local area. Using the data listed in Table 3 , equilibrium phase transition processes were calculated by Thermo-Calc software. The results are shown in Figure 5 . Figure 5a shows the equilibrium phase transition of group a. Below a temperature of 1317˝C, no liquid forms and γ 1 particles dissolve into the γ phase gradually with the increase in temperature, which increases the content of the γ phase. From 1317 to 1339˝C, the volume fractions of both γ 1 and γ phases reduce with the increase of liquid content, indicating the occurrence of the γ + γ 1 Ñ L eutectic liquation reaction. When the temperature rises from 1339 to 1344˝C, the residual γ 1 particles directly dissolve into the liquid. In the whole heating process, the temperature for γ + γ 1 Ñ L eutectic transformation is the lowest and the liquation may occur at this temperature. Table 2 . Chemical compositions of γ and γ′ phases in K465 superalloy substrate by EPMA (mass fraction, %; γ′agb-γ′ phase at grain boundaries; γ′i-intragranular γ′ phase; γi-intragranular γ phase). Using the data listed in Table 3 , equilibrium phase transition processes were calculated by Thermo-Calc software. The results are shown in Figure 5 . Figure 5a shows the equilibrium phase transition of group a. Below a temperature of 1317 °C , no liquid forms and γ′ particles dissolve into the γ phase gradually with the increase in temperature, which increases the content of the γ phase. From 1317 to 1339 °C , the volume fractions of both γ′ and γ phases reduce with the increase of liquid content, indicating the occurrence of the γ + γ′ → L eutectic liquation reaction. When the temperature rises from 1339 to 1344 °C , the residual γ′ particles directly dissolve into the liquid. In the whole heating process, the temperature for γ + γ′ → L eutectic transformation is the lowest and the liquation may occur at this temperature. Figure 5b is about the equilibrium phase transition diagram of group b. It is similar to the tendency as shown in Figure 5a , but the reaction of γ + γ 1 Ñ L ends at 1332˝C. Between the temperature 1332 and 1345˝C, the γ phase liquates directly. Figure 5c shows the equilibrium phase transition diagram of group c. As shown in Figure 5c , when the temperature is below 1254˝C, as the temperature increases, γ 1 particles gradually dissolve into the γ phase. At 1254˝C, solid solution forms and a γ single-phase region appears. When the temperature rises to 1327˝C, the γ phase begins to liquate. Figure 5d indicates the phase diagram of group d. γ 1 particles completely dissolve into the γ phase and become a γ single-phase region, and it begins to liquate at 1338˝C.
Phases Element
As shown in Figure 5a -d, content variation of each element at local area will affect the phase transition behavior in the heating process. When the content of each element at the local area is near γ 1 agb (group a in Table 3 ), or slightly deviate from γ 1 agb (group b in Table 3 ), phase transition behavior in heating is similar to the scenarios shown in Figure 5a ,b, and the γ 1 phase is the first to dissolve into the γ phase, then the eutectic-type liquation occurs, then the starting temperature of the liquation is lower (1317~1318˝C). When the content of each element in the local area deviates farther from that of the γ 1 phase at grain boundaries (such as Table 3c,d), the behavior of temperature-phase transition is similar to the situation as shown in Figure 5c ,d, which means that the γ 1 phase first completely dissolve into the γ phase, then the γ phase begins to liquate, and the liquation temperature is higher (1327~1338˝C).
According to the analysis of metallographic particles, as shown in Figure 1 , the size of the γ 1 agb phase is the largest, then γ 1 i , while the γ phase has the smallest size filling around the granular γ' phase as a thin layer. The local compositions composing of γ 1 phase and γ phase at grain boundaries, probably have the similar element contents to group a, so the phase transition process is probably similar to the situation as shown in Figure 5a ,b in heating process, then the eutectic-type liquation reaction of γ + γ 1 Ñ L occurs, and the liquation reaction temperature is lower. In other words, as long as the γ 1 phase and γ phase at grain boundaries at the local area can satisfy the eutectic liquid composition, the liquation reaction will occur provided the temperature rises up to the eutectic liquation temperature. Figure 6 shows the transition characteristic of intragranular γ 1 phase in HAZ of LFRed K465 specimen. The top of Figure 6a is near RZ and the bottom is near SZ. As can be seen from Figure 6a , the intragranular initial γ 1 phase in HAZ almost dissolves completely and reprecipitates in smaller size near RZ. There is no liquation phenomenon. Nevertheless, the intragranular initial γ 1 particles partly dissolve near SZ. Figure 6b shows microstructure characteristic of the partly-dissolved γ 1 phase. It can be seen that there is no liquid film around the residual γ 1 phase, and the precipitated fine γ 1 approximates vermicular, not cubic, in shape. These features suggest the intragranular γ 1 phase did not liquate in the heating process.
Transition Characteristics of the Intragranular γ 1 Phase
Figure 5b is about the equilibrium phase transition diagram of group b. It is similar to the tendency as shown in Figure 5a , but the reaction of γ + γ′ → L ends at 1332 °C . Between the temperature 1332 and 1345 °C , the γ phase liquates directly. Figure 5c shows the equilibrium phase transition diagram of group c. As shown in Figure 5c , when the temperature is below 1254 °C , as the temperature increases, γ′ particles gradually dissolve into the γ phase. At 1254 °C , solid solution forms and a γ single-phase region appears. When the temperature rises to 1327 °C , the γ phase begins to liquate. Figure 5d indicates the phase diagram of group d. γ′ particles completely dissolve into the γ phase and become a γ single-phase region, and it begins to liquate at 1338 °C .
As shown in Figure 5a -d, content variation of each element at local area will affect the phase transition behavior in the heating process. When the content of each element at the local area is near γ′agb (group a in Table 3 ), or slightly deviate from γ′agb (group b in Table 3 ), phase transition behavior in heating is similar to the scenarios shown in Figure 5a ,b, and the γ′ phase is the first to dissolve into the γ phase, then the eutectic-type liquation occurs, then the starting temperature of the liquation is lower (1317~1318 °C ). When the content of each element in the local area deviates farther from that of the γ′ phase at grain boundaries (such as Table 3c ,d), the behavior of temperature-phase transition is similar to the situation as shown in Figure 5c ,d, which means that the γ′ phase first completely dissolve into the γ phase, then the γ phase begins to liquate, and the liquation temperature is higher (1327~ 1338°C ).
According to the analysis of metallographic particles, as shown in Figure 1 , the size of the γ′agb phase is the largest, then γ′i, while the γ phase has the smallest size filling around the granular γ' phase as a thin layer. The local compositions composing of γ′ phase and γ phase at grain boundaries, probably have the similar element contents to group a, so the phase transition process is probably similar to the situation as shown in Figure 5a ,b in heating process, then the eutectic-type liquation reaction of γ + γ′ → L occurs, and the liquation reaction temperature is lower. In other words, as long as the γ′ phase and γ phase at grain boundaries at the local area can satisfy the eutectic liquid composition, the liquation reaction will occur provided the temperature rises up to the eutectic liquation temperature. Figure 6 shows the transition characteristic of intragranular γ′ phase in HAZ of LFRed K465 specimen. The top of Figure 6a is near RZ and the bottom is near SZ. As can be seen from Figure 6a , the intragranular initial γ′ phase in HAZ almost dissolves completely and reprecipitates in smaller size near RZ. There is no liquation phenomenon. Nevertheless, the intragranular initial γ′ particles partly dissolve near SZ. Figure 6b shows microstructure characteristic of the partly-dissolved γ′ phase. It can be seen that there is no liquid film around the residual γ′ phase, and the precipitated fine γ′ approximates vermicular, not cubic, in shape. These features suggest the intragranular γ′ phase did not liquate in the heating process. As can be seen in Table 2 , there exists micro-segregation of alloying elements in K465 cast superalloy. The element contents of intragranular γ 1 and intergranular γ 1 are different. The calculation based on the equilibrium phase transition of the intragranular γ 1 phase composition is shown in Figure 7 . The phase transition tendency as shown in Figure 7 is similar to that in Figure 5c . As the temperature increases, the γ 1 phase first dissolves in the γ phase, then the γ single-phase begins to liquate. There is no indication of the eutectic-type liquation. Considering the influence of a thin layer γ phase on the local compositions around the intragranular γ 1 , the element compositions of the local region consisting of the intragranular γ 1 and γ phases are between that in γ 1 i and γ i phase; therefore, the phase transition behavior in heating is similar to the change from Figures 7 and 5d , which shows that eutectic-type liquation does not occur inside of the grains. The local compositions around the intragranular γ 1 phase only completely dissolve in the γ phase firstly, then the γ phase directly liquates, and the initial liquation temperature is higher than that of the local composition around the γ 1 phase at grain boundaries in eutectic-type liquation reaction.
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As can be seen in Table 2 , there exists micro-segregation of alloying elements in K465 cast superalloy. The element contents of intragranular γ′ and intergranular γ′ are different. The calculation based on the equilibrium phase transition of the intragranular γ′ phase composition is shown in Figure 7 . The phase transition tendency as shown in Figure 7 is similar to that in Figure 5c . As the temperature increases, the γ′ phase first dissolves in the γ phase, then the γ single-phase begins to liquate. There is no indication of the eutectic-type liquation. Considering the influence of a thin layer γ phase on the local compositions around the intragranular γ′, the element compositions of the local region consisting of the intragranular γ′ and γ phases are between that in γ′i and γi phase; therefore, the phase transition behavior in heating is similar to the change from Figure 7 and Figure  5d , which shows that eutectic-type liquation does not occur inside of the grains. The local compositions around the intragranular γ′ phase only completely dissolve in the γ phase firstly, then the γ phase directly liquates, and the initial liquation temperature is higher than that of the local composition around the γ′ phase at grain boundaries in eutectic-type liquation reaction. 
The Influence of Borides on Grain Boundary Liquation
As shown in Figure 1 , there exist M5B3 (Cr1.8W3.2B3) borides at grain boundaries. Zheng [23] indicated that the liquation of borides corroded the γ + γ′ eutectic, which induced the liquation of the γ + γ′ eutectic and decreased the initial γ + γ′ eutectic melting temperature. Fine filamentous M5B3 borides with a low melting point are susceptible to liquation at grain boundaries [24] . However, it is insufficient to form continuous or semi-continuous liquid films due to its small volume fraction. Nonetheless, borides can wet the grain boundary and release boron atoms along the grain boundaries.
The effect of B content (group a) on eutectic-type liquation temperature was calculated based on equilibrium transition and the result is shown in Figure 8 . As shown in Figure 8 , the increase of B element content can lower the initial temperature of the eutectic-type liquation (TE-start), but it hardly affects the complete liquation temperature (TE-end). Similar results were also proposed by Wang [25] , in which 0.07 wt.% increment of B reduced the TE-start by almost 35 °C , but TE-end was unaffected in IC6 superalloy. That is to say, B will further promote the liquation of grain boundary γ′ and the surround the γ phase during the heating process. 
As shown in Figure 1 , there exist M 5 B 3 (Cr 1.8 W 3.2 B 3 ) borides at grain boundaries. Zheng [23] indicated that the liquation of borides corroded the γ + γ 1 eutectic, which induced the liquation of the γ + γ 1 eutectic and decreased the initial γ + γ 1 eutectic melting temperature. Fine filamentous M 5 B 3 borides with a low melting point are susceptible to liquation at grain boundaries [24] . However, it is insufficient to form continuous or semi-continuous liquid films due to its small volume fraction. Nonetheless, borides can wet the grain boundary and release boron atoms along the grain boundaries.
The effect of B content (group a) on eutectic-type liquation temperature was calculated based on equilibrium transition and the result is shown in Figure 8 . As shown in Figure 8 , the increase of B element content can lower the initial temperature of the eutectic-type liquation (T E´start ), but it hardly affects the complete liquation temperature (T E´end ). Similar results were also proposed by Wang [25] , in which 0.07 wt.% increment of B reduced the T E´start by almost 35˝C, but T E´end was unaffected in IC6 superalloy. That is to say, B will further promote the liquation of grain boundary γ 1 and the surround the γ phase during the heating process. 
Conclusions
The damage accumulation and micro-crack nucleation in HAZ of the LFRed K465 specimens result from the grain boundary liquation. The continuous or semi-continuous liquid films in HAZ originate from the eutectic-type liquation of the local compositions, which consist of the larger size γ′ phase and the thin layer γ phase at grain boundaries.
Element micro-segregation makes the γ′ and γ phases at grain boundaries liquate in the eutectictype, while the intragranular γ′ phase does not liquate in the rapid heating process.
Liquation film is not induced by the liquation of the initial γ + γ′ eutectics, blocky MC carbides, and slight filamentous borides along the grain boundaries in HAZ of the LFRed K465 specimens. However, the addition or dissolution of a small quantity of M5B3 borides at grain boundaries can reduce the eutectic initial melting temperature. 
The damage accumulation and micro-crack nucleation in HAZ of the LFRed K465 specimens result from the grain boundary liquation. The continuous or semi-continuous liquid films in HAZ originate from the eutectic-type liquation of the local compositions, which consist of the larger size γ 1 phase and the thin layer γ phase at grain boundaries.
Element micro-segregation makes the γ 1 and γ phases at grain boundaries liquate in the eutectic-type, while the intragranular γ 1 phase does not liquate in the rapid heating process.
Liquation film is not induced by the liquation of the initial γ + γ 1 eutectics, blocky MC carbides, and slight filamentous borides along the grain boundaries in HAZ of the LFRed K465 specimens. However, the addition or dissolution of a small quantity of M 5 B 3 borides at grain boundaries can reduce the eutectic initial melting temperature.
